Graphical Abstract Highlights d Puberty induces layer-4-like transgene expression in genital cortex d Such changes are absent in hindpaw cortex d Sexual experience rapidly advances the increase of layer-4like neurons d Ca 2+ imaging reveals stronger responses in male genital cortex compared to females
INTRODUCTION
For many years, it has been recognized that the precise topographic representation of the body surface by the cortical input layer 4 is determined by peripheral inputs [1] . Based on findings from the barrel cortex, a consensus emerged that this topographic map of the body is established within the first postnatal week [2, 3] and shows little plasticity later in life [4] . However, there appears to be one exception to this rule of early and experience-independent map specification in layer 4 of somatosensory cortex: the region of rat somatosensory cortex that responds to genital stimulation, genital cortex, undergoes an unusually late expansion during puberty [5] [6] [7] . Furthermore, much like the onset of puberty [8] , this expansion was dependent on sexual maturation and could be advanced by co-housing prepubertal female rats with adult males [6] . This plasticity of genital cortex is remarkable in several respects: (1) it occurs at a late postnatal stage; (2) the extent of remodeling is large; (3) it can be induced by physiological stimuli, whereas macroscopically detectable cortical plasticity usually requires drastic interference with incoming sensory signals, such as amputation or nerve transection [9] ; and (4) it can be detected anatomically, unlike other somatosensory plasticity phenomena, which can only be revealed physiologically [4] . The expansion has been quantified by measuring the area receiving thalamic afferents within this somatosensory field [6] .
The observation that, during puberty, thalamic fibers invade surrounding dysgranular regions of layer 4 [6] is particularly interesting because of the intricate relationship between thalamocortical axons and postsynaptic cortical neurons. In 1782, Francesco Gennari described the thick band of highly myelinated thalamic axons terminating in layer 4 [10] . After discovering fundamental differences in the physiology of primary and secondary (or higher order) cortical areas [11] , their neurogenetic underpinnings have become evident more recently. Within somatosensory cortex, areal specification depends on various molecular cues and input from the ventral posteromedial nucleus of the thalamus [12] [13] [14] . Postsynaptically, thalamocortical axons target excitatory pyramidal and spiny stellate cells, the latter being a hallmark of primary somatosensory cortex [15] [16] [17] . Within layer 4, all excitatory neurons appear pyramidal-like at birth [18] . By postnatal day 5, however, the majority of neurons have a spiny stellate shape, suggesting that pyramidal neurons retract their apical dendrite to become stellates within the first postnatal week [18, 19] . Without thalamocortical input, stellate cells fail to develop appropriately [12, 14, 20] .
We have previously shown that rat genital cortex grows during puberty, which we revealed by visualizing antibody-stained thalamocortical afferents within layer 4 [6] . Therefore, we wonder whether there are concurrent, cell-type-specific changes within layer 4. To address this question, we now turn to mice, where we can combine chronic two-photon imaging with the genetically targeted expression of fluorescent indicators. Specifically, we use the layer-4-specific transgenic mouse line Scnn1a-Tg3-Cre mice, where cre-recombinase expression resembles the homunculus in primary somatosensory cortex while septa are lacking Scnn1a+ neurons [21, 22] . Moreover, Scnn1a+ neurons exhibit the transcriptional profile of primary somatosensory layer 4 neurons [19] . Scnn1a+ neurons express the RAR-related orphan receptor beta (RORb), a layer 4 marker [12, 23] , whose ectopic expression is necessary and sufficient to orchestrate the acquisition of morphological, physiological, and circuit properties of primary layer 4 neurons [19] . Using this mouse line, we investigate the following questions: first, does Scnn1a expression, which resembles the mouse homunculus, change in genital cortex during puberty? If so, what are the dynamics of this process? Second, do excitatory neurons in genital cortex remodel during puberty? Third, does puberty modulate the activity of genital cortex neurons? And finally, are there experience-dependent effects on pubertal maturation of layer 4 in genital cortex? More specifically, we want to find out whether initial sexual experience, usually conceptualized as particularly dramatic and memorable, modulates genital cortex maturation [24, 25] .
RESULTS

Functional Identification of Genital Cortex in Scnn1a-tdTomato Mice
To investigate the cellular development of layer 4 (L4) in genital cortex, we used L4-specific Scnn1a-Tg3-cre mice [21] , which we crossed with an Ai9 reporter line to label all cre-expressing neurons with td-Tomato. Tangential histological slices through cortical L4 of such Scnn1a-tdTomato brains reveal transgene expression limited to primary sensory cortices ( Figure 1A ; female; postnatal day [P] 40), with the homunculus being clearly visible within primary somatosensory cortex (S1). Coronal sections ( Figure 1B) showed that Scnn1a expression is restricted to L4, where it is high in whisker (S1w) and paw (S1p) barrels, low in the dysgranular zone (DZ) and secondary somatosensory cortex (S2), and absent from motor cortex (M1) [26] . Furthermore, Scnn1a+ neurons are confined to barrels, and septa do not contain Scnn1a+ neurons ( Figure 1C ). We conclude that Scnn1a+ is a marker for primary sensory L4 neurons located in zones of dense lemniscal innervation [19, 22] .
The S1 homunculus is clearly visible in a magnified tangential section ( Figure 1D ; male; P25). Based on our mappings in rats [5] , we suspected genital cortex within the dashed square in Figure 1D . Two-photon imaging of this area in Scnn1a-tdTomato mice also showed S1 subfields delineated by septa ( Figure 1E ). Next, we used intrinsic signal imaging to locate the genital, hindpaw, forepaw, tail, ventral, and dorsal trunk cortex [27, 28] . We sequentially stimulated these body parts with a small circular vibration motor. The resulting intrinsic signal for each body part is shown in Figures 1F and S1. Based on the blood vessel pattern on the surface of the craniotomy ( Figure 1G ), we aligned these fields. We matched the blood vessel pattern captured during intrinsic imaging with blood vessels captured during two-photon imaging to superimpose intrinsically identified fields onto the pattern of Scnn1a+ neurons in layer 4 ( Figure 1H ). Intrinsically identified borders between body parts aligned well with septa lacking Scnn1a+ neurons (Figures 1H and S1A) and allowed us (A) Scnn1a-tdTomato tangential section. Scnn1a expression is dense in primary somatosensory (S1), auditory (A1), and visual (V1) cortex. Scale bar represents 500 mm. (B) Scnn1a-tdTomato coronal section. Scnn1a expression is high in L4 whisker (S1w) and paw barrels (S1p) but low in the dysgranular zone (DZ), primary motor cortex (M1), secondary somatosensory cortex (S2), and non-layer 4 cells. Scale bar represents 250 mm. (C) Within L4, Scnn1a+ neurons are confined to barrels and are absent from septa between barrels. Scale bar represents 50 mm. (D) Scnn1a-tdTomato tangential section. Scnn1a expression reveals the S1 homunculus (male; P25). Scale bar represents 250 mm. (E) The region of S1 highlighted by the dashed box in (D) imaged using two-photon microscopy. Multiple z stacks were acquired at minimal magnification (1,065 3 1,065 mm) and tiled together. Scale bar represents 250 mm. (F) Intrinsic imaging (male; P25) revealed S1 subfields (dark blue) on the surface of the craniotomy representing the dorsal and ventral trunk, forepaw, tail, genital, and hindpaw. Scale bar represents 250 mm. (G) Regions circled in (F) were aligned to each other based on the blood vessel pattern on the surface of the craniotomy. Scale bar represents 250 mm. (H) Superimposing intrinsically mapped body parts (F and G) onto the expression of Scnn1a+ neurons in L4 of S1 as shown in (E) based on the blood vessel pattern. The topographic arrangement of subfields revealed by intrinsic imaging aligns with Scnn1a+ dense areas in L4 is shown. Scale bar represents 250 mm. (I) Based on the alignment in (H), we infer that the barrel-like subfields of Scnn1a+ neurons within L4 represent the mapped body parts as shown. Scale bar represent 250 mm. See also Figure S1 . to assign the mouse homunculus to the expression of tdTomato ( Figure 1I ). Similar to the rat [5] , the genital area is located close to the hindpaw. Intrinsic mapping showed very consistent alignment with the pattern of Scnn1a expression (Figures S1B and S1C).
Chronic Imaging of Scnn1a+ Expression across Puberty
To investigate the pubertal development of genital cortex, we conducted chronic two-photon imaging of Scnn1a expression in genital cortex of anesthetized Scnn1a-tdTomato mice (Figure 2A) . Mice underwent imaging sessions every 4-7 days starting at the earliest possible time after weaning until early adulthood (approximately P25-P63; Figure 2B ). Simultaneously, we tracked pubertal development (see below). Genital and hindpaw cortex were either located using intrinsic signal imaging (Figures 1F-1I) or based on the clear topographic layout Scnn1a expression. During each imaging session, we took a structural z stack of the same field of view (FOV) in genital cortex ( Figure 2C Figure 2C , middle, red arrows), i.e., acquired Scnn1a expression. We counted Scnn1a+ neurons in the acquired series of stacks ( Figure 2C , left to right), taking precautions to correct for small shifts in the xy plane or imaging angle (see STAR Methods). The absolute size of the acquired series of stacks varied between mice, depending on the quality of the craniotomy. Therefore, we expressed the resulting cell counts as percentage of the number of cells counted on P35 (5 weeks of age) for both genital and hindpaw cortex. The resulting percentages are then plotted as a line against age for each animal ( Figure 2D ), always reaching 100% on P35. We found that in genital cortex, the number of Scnn1a+ neurons roughly doubled between weaning and early adulthood in females ( Figure 2D , red, left) and males ( Figure 2D , blue, middle). In contrast, the number of neurons in hindpaw cortex only increased by $40% (Figure 2D , gray, right). Next, we calculated the mean slope for each cell count line shown in Figure 2D . To this end, we computed slope at each time point along each line and derived the mean. The mean also included negative values displayed for hindpaw cortex cell counts. The resulting mean slopes for female and male genital cortex as well as hindpaw cortex show that in female and male genital cortex, there are significantly more Scnn1a+ neurons added in comparison to hindpaw cortex ( Figure 2E ; slope [mean ± SEM]: female genital [n = 8]: 1.78 ± 0.47; male genital [n = 7]: 2.30 ± 0.69; hindpaw [n = 9]: 0.76 ± 0.45; ANOVA; F (2,21) = 17.2; p = 3.73 3 10 À5 ; p values in Figure 2E indicate Tukey-Kramer pairwise comparisons between female genital cortex, male genital cortex, and hindpaw cortex).
We also tracked the sexual development of mice. Weight increased from $8 g to $20 g in females ( Figure 2F , left), and males reached up to $23 g ( Figure 2F , right). We monitored vaginal opening in females and anogenital distance (AGD) in males, two markers for pubertal maturation [29, 30] . Vaginal opening occurred around P40 ( Figure 2F , left; 40.4 ± 3.1 days). In line with the tight relationship between sexual maturation and weight in females [31] , vaginal opening was associated with mice reaching approximately 16 g. In males, the AGD increased from prepubertal 7 mm to adult 16 mm (Figure 2G) [29] . The first ovulation usually occurs 7 days after vaginal opening [32] . In line with this continuous process of sexual maturation, the number of Scnn1a+ neurons did not show a sharp step-like increase. Instead, the increase was gradual, rising steeply before P40 and leveling off toward early adulthood ( Figure 2D ).
Scnn1a+ Expression Increases while Neuron Density Remains Stable
To determine the origin of newly appearing Scnn1a+ neurons, we performed immunostaining. Tangential brain sections of pre-and postpubertal Scnn1a-tdTomato brains were counterstained with the neuron-selective antibody NeuN conjugated to a green secondary antibody. Fluorescent micrographs show that neither in genital cortex ( Figure 3A ) nor in hindpaw cortex ( Figure 3B ) do all L4 neurons (NeuN+, green) express Scnn1a (tdTomato+, red). However, in genital cortex, the number of Scnn1a+ neurons increases from pre-to postpuberty (Figure 3A) . We counted the number of Scnn1a+ neurons relative to all neurons (NeuN+) in z stacks (xyz: 100 3 200 3 40 mm; 1 mm z spacing; n = 12 hemispheres) of genital cortex of mice between P24 and P100. Although the percentage of Scnn1a+ neurons increases in genital cortex with age ( Figure 3C ), it remains stable in hindpaw cortex ( Figure 3D ). Binning these data into three age groups shows that, in genital cortex (Figure 3E , red), the percentage of Scnn1a+ neurons is significantly lower at prepubertal ages (<P40: 8.47 ± 1.35) compared to postpuberty (P40-P80: 18.0 ± 1.69) and adulthood (>P80: 20.5 ± 2.05), and there was no significant difference between the latter two age groups (ANOVA: F(2,11) = 54.5; p = 9.35 3 10 À6 ; p values in Figure 3E indicate pairwise comparisons between age groups). In comparison, the percentage of Scnn1a+ neurons remains consistently around 60% in hindpaw cortex (ANOVA: F(2,11) = 0.26; p = 0.77; Figure 3E , gray). Finally, neuron density (all NeuN+ per mm 3 ) is similar and remains stable with age in both genital and hindpaw cortex ( Figure 3F ). Although the density of Scnn1a+ neurons increases significantly with age, the density of Scnn1aÀ neurons decreases marginally and not significantly (Pearson's correlation coefficient: Scnn1a+: r = 0.900, p = 0.0001; Scnn1aÀ: r = À0.133, p = 0.681). These findings are in line with a conversion scenario, where previously Scnn1aÀ neurons acquire Scnn1a expression during puberty.
Apical Dendrites of Pyramidal Neurons in Genital Cortex Do Not Remodel during Puberty
Within L4, excitatory neurons can be broadly categorized into stellate and pyramidal neurons, defined by the absence and presence of an apical dendrite, respectively [15, 17, 33, 34] . However, at birth, all excitatory L4 neurons appear as pyramids [18] , suggesting many retract their apical dendrite to become stellates in the first postnatal week [18] . This process seems to be a hallmark of layer 4 somatosensory map development [19] . To find out whether pyramidal neurons in genital cortex lose their apical dendrite during puberty, we acquired high-magnification two-photon z stacks of neurons within genital cortex of 5 mice. Stacks covered the entire distance from the bottom of L4 to the pia (xyz: 133 3 133 3 400 mm; 2 mm z spacing). We captured the same Scnn1a+ neurons prepuberty ( Figure 4A , left top; P30) and postpuberty ( Figure 4A , left bottom; P60) and reconstructed all neurons within these stacks (n = 5 pre and 5 post). We identified neurons that were present at both ages and those that newly appeared during adulthood. We further classified each neuron as either stellate (orange) or pyramidal (green) shaped, based on the absence and presence of an apical dendrite, respectively. The high-magnification micrographs ( Figure 4A , right) show examples of a pyramidal and a stellate neuron, which evidently do not undergo morphological remodeling during puberty. In fact, 100% of stellate cells (n = 51) retained their stellate cell morphology and 100% of pyramids (n = 63) retained their apical dendrite throughout puberty ( Figure 4B ). Overall, there were more spiny stellates than pyramids in genital cortex L4 before puberty, and their ratio was not different after puberty ( Figure 4C ; Fisher's exact test; X 2 = 0.95; p = 0.91).
Stronger Genital-Touch Responses in Layer 4 of Males Compared to Females and a Developmental Increase of Responsiveness in Females
To understand how puberty shapes evoked responses in L4 of genital cortex, we performed calcium imaging of Scnn1a+ neurons during sensory stimulation of the genitals. Three weeks after neonatal injection (P0 to P1), Scnn1a-cre mice showed extensive cre-dependent expression of the activity-dependent calcium indicator flex-GCaMP6s in genital cortex ( Figure 5A ). Overall, the labeling of Scnn1a+ neurons with flex-GCaMP corresponded well with labeling by genetic crossing of Scnn1a-cre and Ai9-reporter mice (see STAR Methods). For two-photon imaging, mice were lightly anesthetized using isoflurane and head fixed, and genitals were stimulated with a small circular vibration motor for 300 trials ( Figure 5B ). Care was taken to position the stimulation the exact same way during all experiments (see STAR Methods). For each cell, we computed a DF/F 0 trace. Neurons varied in responsiveness to genital stimulation (green dashes, Figure 5C ). Because imaging conditions varied, we Z scored all traces acquired during a session. To quantify the responsiveness of neurons in genital cortex, we first analyzed all detectable neurons, which also includes Scnn1a+ neurons that acquired Scnn1a expression during puberty. For each cell, we computed a mean Ca 2+ trace across all trails. The average of these mean traces shows that neurons in males respond more strongly to genital stimulation compared to females ( Figure 5D ), which is in line with previous findings from rats [5] . Calculating the response index (RI) for male and female neurons ([F max(stim) -F mean ( bsl )]/ STD (F bsl ); see STAR Methods) showed that this difference was highly significant (RI [mean ± SEM]: males [990 neurons in 5 mice]; 9.02 ± 0.357 versus females [734 neurons in 5 mice]; 5.67 ± 0.124; rank-sum test; Z = 10.2; p = 2.74 3 10 À24 ).
To determine whether response strength changes in genital cortex over the course of puberty, we performed functional imaging experiments between weaning and early adulthood. In females (n = 5), we split neurons according to whether they were recorded before or after vaginal opening. In accordance with previous reports of male puberty onset and the notion that male sexual maturation is independent of weight [31] , we used the mean age at vaginal opening (P39) as an approximation in males (n = 5). Evoked responses in males were similar before and after P39 ( Figure 5E , top). In contrast, responsiveness increased from before to after vaginal opening in females ( Figure 5E , bottom). Accordingly, response indices of prepubertal males were greater than those of prepubertal females ( Figure 5E , left; males: n = 551 versus females: n = 465; rank-sum test; Z = 10.9; p = 1.04 3 10 À27 ). Furthermore, neurons imaged in adult males responded more strongly to genital stimulation than neurons imaged in adult female mice ( Figure 5E , right; males: n = 418 versus females n = 255; rank-sum test; Z = 2.77; p = 0.006). Response indices of neurons in genital cortex of males only slightly increased before and after P39 ( Figure 5F , top; RI [mean ± SEM]: <P39: 8.79 ± 0.394 versus >P39: 9.45 ± 0.665; rank-sum test; Z = 1.31; p = 0.190). In contrast, in females, stimulation of the external genitals elicited significantly larger responses after vaginal opening as compared to before vaginal opening ( Figure 5F , bottom; RI [mean ± SEM]: before vaginal opening: 5.24 ± 0.126 versus after vaginal opening: 6.49 ± 0.265; rank-sum test; Z = 4.78; p = 1.74 3 10 À6 ). Given that pubertal maturation is temporally extended, we also correlated the response indices with the age at imaging for males ( Figure 5G , top) and females ( Figure 5G , bottom). Interestingly, response indices increased with age in females (Pearson's correlation coefficient: r = 0.102; p = 0.006), but not in males (Pearson's correlation coefficient: r = 0.017; p = 0.600). Together, these results show that neurons in genital cortex show sex-and age-dependent response properties. Current Biology 29, 1-12, November 4, 2019 5
Newly Appearing Scnn1a+ Neurons Respond to Genital Stimulation Our data suggest that during puberty, many neurons in genital cortex gain Scnn1a+ expression ( Figure 2 ). To determine whether these newly Scnn1a-expressing neurons are functionally active, we performed Ca 2+ imaging experiments. We identified the newly appearing Scnn1a+ neurons by comparing z stacks acquired before puberty ( Figure 6A , top) to stacks acquired postpuberty ( Figure 6A , bottom). To ensure that the cellular gain of GCaMP fluorescence after puberty reflected the gain of Scnn1a expression and not a delay in viral transfection, prepubertal stacks were acquired at least 4 weeks after injection. Similar to results observed in Scnn1a-tdTomato mice, many neurons expressed flexed GCaMP6s both before and after puberty ( Figure 6A , purple arrows). Other neurons expressed GCaMP only after puberty ( Figure 6A , green arrows). We limited our analysis to newly appearing Scnn1a+ neurons that clearly did not express GCaMP before puberty (28 neurons in 2 male and 2 female mice) and compared those to all other recorded neurons (1,689 neurons in 5 male and 5 female mice). The average evoked response of these newly appearing Scnn1a+ neurons was similar to the response evoked in all other neurons ( Figures  6B and 6C ).
Scnn1a+ and Scnn1a-Neurons Respond Similarly to Genital Stimulation
To determine whether Scnn1a+ and Scnn1aÀ neurons differ in their responsiveness to genital stimulation, we performed acute two-photon targeted juxtacellular recordings in Scnn1a-tdTomato mice under urethane anesthesia. We visualized L4 of genital cortex using two-photon microscopy and stimulated the external genital region as before ( Figure 5 ). For juxtacellular recordings, we inserted a pipette filled with a green fluorescent dye (Alexa 488) and recorded evoked responses of both putative Scnn1a+ (Figure S2A , red) and putative Scnn1aÀ neurons, which were identifiable as dark shadows within the fluorescently labeled neuropil ( Figure S2A , white arrows). After recording, neurons were electroporated (see STAR Methods) with Alexa Fluor 488 to identify the recorded neuron (Scnn1a+ versus Scnn1aÀ). Scnn1aÀ neurons turned from not fluorescent ( Figure S2B Figure S2C , bottom). Labeling efficacy was high (>90%), and multiple cells could be recorded and identified within the same animal (21 identified Scnn1a+ neurons and 25 identified Scnn1aÀ neurons in 2 males and 4 females). The mean firing rate of Scnn1aÀ ( Figure S2D ) and Scnn1a+ neurons ( Figure S2E ) in response to 200 ms of genital stimulation (shaded gray box) were overall similar. Mean firing rate differences were calculated by subtracting the mean firing rate during the 200 ms preceding stimulus onset from the mean firing rate during genital stimulation (200 ms) for each cell ( Figure S2F ). Overall, Scnn1a+ neurons responded slightly more strongly to genital stimulation than Scnn1aÀ neurons, but this difference was not statistically significant (Kruskal-Wallis test; p = 0.154).
Co-housing Prepubertal Females with Adult Males Advances the Gain of Scnn1a+ Neurons in Genital Cortex
Pubertal development of female mice can be accelerated by co-housing them with adult males via the synergistic effect of male pheromones and touch [8] . Specifically, three days of co-housing resulted in a tripling of uterine weight. We have previously shown that this induced advance in pubertal maturation by male conspecifics also accelerates the expansion of genital cortex in prepubertal female rats [6] . Therefore, we wondered whether co-housing with adult males and the concomitant first sexual experience would also accelerate the gain of Scnn1a expression in genital cortex. To test this, we performed chronic imaging experiments of Scnn1a-tdTomato mice similar to Figure 2 . Now, female mice were co-housed with sexually mature males between P36 and P39 ( Figure 7A ). At P36, females had just reached 15 g of bodyweight ( Figure 7B) , a time point where the uterine response to adult males is maximal [8] although vaginal opening had not yet occurred. Although weight gain was similar between single and co-housed females, vaginal opening occurred slightly, albeit not significantly, earlier in co-housed females ( Figure 7C ; alone [n = 8]: P40.4 ± P3.1 versus +male [n = 7]: P38.7 ± P1.5 days of age; unpaired (C) There were slightly more stellates (orange) than pyramids (green) both before (left) and after puberty (right). The number of both stellates and pyramids approximately doubled during puberty. There was no association between age and cell type (Fisher's exact test; c 2 = 0.95; p = 0.91). t test; p = 0.209). Scnn1a+ neurons were imaged in genital cortex of co-housed females and counted in series of stacks of the same FOV captured between P25 and P63. In females sitting alone, fewer neurons gained Scnn1a expression between P36 and P39 ( Figure 7D ) compared to females co-housed with adult males ( Figure 7E ). We quantified this increase in Scnn1a+ cells for females sitting alone ( Figure 7F , left; same as Figure 2D ) and for females co-housed with males ( Figure 5F, right) . A close examination of P36-P39 ( Figure 7G ) highlights the steep increase in Scnn1a+ neurons for co-housed females in this short time window ( Figure 7G, right) . Between P36 and P39, the slope of cell counts is significantly steeper for co-housed females compared to single-housed females ( Figure 7H ; alone [n = 8]: 1.89 ± 0.69 versus +male [n = 7]: 3.91 ± 1.60; unpaired t test; p = 0.006). To examine whether this steep increase during co-housing results in an overall increased number of Scnn1a+ neurons in genital cortex or represents an acceleration of Scnn1a+ expression gain, we compared cell counts at P50 ( Figure 7I ) 11 days after co-housing ended. Interestingly, there was no difference in the relative cell count of Scnn1a+ neurons between single-housed and co-housed females at this stage ( Figure 7I ; alone [n = 8]: 127 ± 8 versus +male [n = 7]: 136 ± 9; unpaired t test; p = 0.111). Overall, these data suggest that initial sexual experience has a strong effect on Scnn1a expression. This gain of Scnn1a+ cells appears to reflect an accelerating effect on the maturation rather than a life-long expansion of genital cortex.
To examine whether this effect of co-housing is specific to genital cortex, we also captured series of stacks in the hindpaw cortex of co-housed females and compared those to were greater for males than for females (rank-sum test; Z = 10.2; p = 2.74 3 10 À24 ). (E) Same as (D), split according to age at vaginal opening for females (red). Mean age at vaginal opening (P39) was used as approximation for puberty in males (blue). Prepubertal male neurons (top left; 551 neurons) responded more strongly to genital stimulation than female neurons (bottom left; 465 neurons; rank-sum test; Z = 10.9; p = 1.04 3 10 À27 ). This was also true after puberty (right, males: 418 neurons versus females 255 neurons; rank-sum test; Z = 2.77; p = 0.006).
(F) RIs (mean ± SEM) for males (top) and females (bottom) before and after putative puberty onset. The mean RI increased marginally for males (rank-sum test; Z = 1.31; p = 0.190) but strongly for females (rank-sum test; Z = À4.78; p = 1.74 3 10 À6 ). single-house females ( Figure S3A ). In the hindpaw area, the gain of Scnn1a+ neurons between P36 and P39 is minimal and similar between single and co-housed females (Figure S3B) . Similarly, the slope of cell counts within the co-housing period is not different between the two groups in hindpaw cortex ( Figure S3C ; alone [n = 6]: 1.06 ± 0.82 versus +male [n = 7]: 0.88 ± 0.79; unpaired t test; p = 0.695). Finally, the relative cell count of Scnn1a+ neurons was not different at P50 between co-housed and single-housed females in hindpaw cortex ( Figure S3D ; alone [n = 6]: 109 ± 4 versus +male [n = 7]: 111 ± 8; unpaired t test; p = 0.668).
DISCUSSION
Our findings reveal that layer 4 of the primary somatosensory genital field undergoes unusually late remodeling during puberty. We showed that the number of Scnn1a+ neurons almost doubles during pubertal maturation and that this gain is gradual rather than stepwise. Our data suggest that within genital cortex, only a fraction of all neurons expresses Scnn1a+ and that this fraction grows during puberty while neuron density is stable. In contrast to developmental processes [18] , Scnn1a+ neurons in genital cortex retain their original morphology as stellate or pyramidal neurons. Calcium imaging further showed that neurons in male genital cortex respond more vigorously to genital touch compared to females. It also revealed that newly appearing Scnn1a+ neurons also respond to genital touch. Most interestingly, however, we observed that initial sexual experience drastically accelerated the gain of Scnn1a expression in genital cortex neurons. During pre-and early postnatal development, extrinsic and intrinsic factors shape the distinct identity of layer 4 primary somatosensory cortex within a brief window of cortical plasticity [35, 36] . Thereafter, the somatosensory homunculus remains particularly stable [9] . Compared to other body parts, genitals significantly change in shape and relevance much later in life [37, 38] . Although recent studies have demonstrated that activity in primary somatosensory cortex does not only reflect the physical properties of touch [39] [40] [41] , few have yet examined the effect of sexual maturation and, more importantly, sexual experience on the cortical representation of genitals. We specifically targeted layer 4 of genital cortex to build on our previous findings [5] [6] [7] , although we do not rule out puberty-dependent changes in other layers of genital cortex.
We show that more Scnn1a+ neurons are gained in genital cortex compared to hindpaw cortex and that this increase represents a change in Scnn1a expression and not a gain of new neurons. Scnn1a+ neurons cluster densely in layer 4 of primary somatosensory cortex [19, 22] and pattern it in the shape of the mouse homunculus, suggesting that neurons newly appearing as Scnn1a+ during puberty may resemble a late-acquired layer 4 cell identity. New Scnn1a+ neurons did not appear abruptly but rather gradually, with an initial steep rise that levels off thereafter. This observation is in line with the view that sex hormones act within one temporally extended sensitive period during brain development [42] and not only during one brief perinatal and one brief pubertal pulse [43] . Moreover, we show that initial sexual experience can increase the gain of Scnn1a+ neurons in genital cortex. We suggest that this immediate and drastic effect represents a developmental acceleration rather than a permanent increase, as the relative gain of Scnn1a+ neurons was not different once animals reached adulthood. We wonder whether this imminent accelerating effect of sexual experience on cortical circuitry is related to the great psychological and social significance of initial sexual experience [24, 25] , although we cannot exclude the possibility that other kinds of sexual experience (later or premature) also have an effect on genital cortex.
A key property of many excitatory neurons in layer 4 of primary somatosensory cortex is their spiny stellate morphology [18] , which depends on the appropriate transcriptional expression [19] . Nevertheless, some excitatory neurons within the granular areas of somatosensory cortex retain their pyramidal morphology [15, 16, 18] . We find that, in genital cortex, there were more spiny stellates compared to pyramids. Although the number of Scnn1a+ neurons almost doubles during sexual maturation in genital cortex, the ratio between stellates and pyramids did not change from prepuberty to postpuberty. We also examined the morphology of pre-and postpubertal Scnn1a+ neurons to find out whether pyramidal Scnn1a+ neurons in genital cortex retract their apical dendrite as some of them do during early development [18] . However, we did not observe any pyramidal neurons that retracted their dendrites during this late stage. Alternatively, neurons in genital cortex may have already undergone morphological remodeling just prior to gaining Scnn1a expression. Unfortunately, we cannot investigate this scenario because layer 4 neurons do not express all viral constructs well and can be more easily visualized in vivo by using a transgenic mouse line.
Using two-photon calcium imaging, we show that responses of layer 4 neurons in genital cortex to genital touch are more complex than anticipated. Similar to previous observations in rats [5] , we found greater responsiveness of genital cortex neurons in males compared to females. In addition, we also observed a positive correlation between age at recording and response strength in females, but not in males. Given that genital cortex appears anatomically monomorphic in males and females, this physiological dimorphism is particularly surprising. Differences in the anatomy of male and female genitals may contribute to this result. In males, the surface area of the external genitals (penis and scrotum) is significantly larger than that of female genitals, where stimulation of the skin, as it is applied here, does not resemble the sensory input that female genitals receive during natural intercourse. Moreover, males are usually heavier than females, possibly resulting in differences in depth of anesthesia. To further elucidate how genital cortex processes sensory inputs in an age-, sex-, and possibly hormone-dependent manner, it will be key do develop approaches to exert precise local (vagina versus clitoris) and naturalistic (external versus internal) sexual stimulation on the female genital tract [44] .
Finally, we cannot rule out the possibility that Scnn1a+ constitutes a special subpopulation of layer 4 neurons, at least in genial cortex. Although it would have been of great interest to investigate Scnn1aÀ neurons in vivo, there is currently no feasible strategy to target these neurons optically. Therefore, (H) Between P36 and P39, the mean slope of Scnn1a+ cell counts is smaller for single-housed females (left; n = 8; 1.89 ± 0.69) compared to co-housed females (right; n = 7; 3.91 ± 1.60; unpaired t test; p = 0.006).
(I) At P50, relative Scnn1a+ cell counts of females sitting alone (left) and females co-housed with males (right) are not different (unpaired t test; p = 0.111). See also Figure S3 .
we turned to two-photon guided juxtacellular recordings to investigate whether Scnn1a+ and Scnn1aÀ neurons differ in their response properties to genital stimulation. The results suggested similar response strengths of Scnn1a+ and Scnn1aÀ neurons. Yet, it is conceivable that our experimental approach was insufficient to resolve differences between these cell types. For one, we cannot rule out that sensory responses of Scnn1aÀ neurons arise from excitatory network activity. We suggest probing thalamic input to layer 4 more precisely by selectively activating primary thalamic afferents while recording from postsynaptic targets in layer 4. Alternatively, it would also be interesting to selectively label layer 4 neurons that receive thalamic input in Scnn1a-cre mice to find out how these neurons map onto Scnn1a expression. In a similar vein, comparing the molecular profile of Scnn1a+ and Scnn1aÀ neurons as well as the factors that lead to the gain of Scnn1a+ expression during puberty will be important. For example, hormone-level changes during puberty might influence Scnn1a expression and cellular functions of Scnn1a+ neurons: the Scnn1a gene encodes for the alpha subunit of a well-known non-voltage gated epithelial sodium channel (ENaC) in various organs. Interestingly, the activity of this channel is dependent on estrogen in several tissues [45] [46] [47] .
Conclusions
In line with earlier observations, our novel results show that layer 4 of genital cortex follows a unique developmental trajectory. Rather than being fully developed after the first postnatal week, many of its principal neurons assume their primary cortex layer 4 cell identity only in the course of puberty. Our data show that genital cortex maturation can dramatically accelerate the initial sexual experience. We wonder if the molding of the genital representation by initial sexual interaction contributes to its huge mnemonic weight and its powerful effects on the perception of one's own sexuality.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE LEAD CONTACT AND MATERIALS AVAILABILITY
This study did not create new unique reagents or mouse lines. Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael Brecht, michael.brecht@bccn-berlin.de.
EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
All experimental procedures were performed according to the German guidelines on animal welfare under the supervision of local ethics committee (animal permit number G0244/16). Adult Scnn1a-Tg3-Cre (B6;C3-Tg(Scnn1a-cre)3Aibs/J, RRID: IMSR_JAX:009613) and Ai9-reporter mice (B6;Cg-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze /J, RRID: IMSR_JAX:007909) mice were purchased from Jackson Labs. Wild-type C57BL/6JRj mice were purchased from Janvier. For intrinsic and chronic imaging, juxta cellular experiments and histology, heterozygous Scnn1a-cre mice were bred with homozygous Ai9-reporter mice. Scnn1a x Ai9 positive offspring constitutively expressed tdTomato in all cre-positive cells (Scnn1a-tdTomato). Males and females between postnatal day (P) 25 and P90 were used. For calcium imaging experiments, we used single transgenic Scnn1a-cre mice injected with flexed GCaMP6s. All animals were weaned at P20 and genotyped by Transnetyx (Cordova, TN). Mice were housed alone or in pairs under a 12-hour light and dark cycle in temperature controlled cabinets with ad libitum chow and water.
METHOD DETAILS
Assessment of pubertal development
Throughout chronic experiments (P25 -P60), weight and external parameters of pubertal development were closely monitored. Weights were smoothed with a three day sliding window and plotted across days for each animal. Females were inspected daily starting at weaning to record vaginal opening. For males, we recorded the distance between anus and penis (anogenital distance, AGD). Both, vaginal opening and AGD are dependent upon the activation of the hypothalamic-pituitary-gonadal axis [29] .
Sensory stimulation of the body surface
For stimulation of the body surface, in particular the external genitals, we used a small circular vibration motor, usually found in mobile phones (Ø 8 mm, 3 mm thick, Eckart Electronics, PO1637), which emits 10 Hz vibrations. The vibration motor was attached to a costume made control box, which could be triggered by TTL pulses during intrinsic imaging, two-photon calcium imaging and REAGENT juxtacellular recordings. The vibration motor was held by a micro-manipulator which allowed precise positioning on the genital or other body parts. To stimulate the genital in males, the vibration motor was positioned on top of the penis and the scrotum. In females, it was positioned to cover the exit of the urethra, the clitoris and the vulva.
Headpost and window surgery
For all chronic imaging experiments, mice underwent headpost and window surgeries following weaning approximately at P25. Mice were anaesthetized with isoflurane (1.5 -2% in O2). Body temperature was maintained at 36 C using a heatpad. After removing the skin covering the skull, a circular 3 mm craniotomy was made positioned between the coronal suture and the midline. The dura was left intact and the craniotomy was sealed with a stack of three coverslips, 3 mm, 3 mm and 4 mm glued together with light Norland optic adhesive 71 (Norland products) and affixed using superglue. A light-weight, two-point fixation headpost was glued on the skull surrounding the craniotomy, before sealing everything with dental cement.
Intrinsic imaging of genital cortex
Topographic maps in S1 were functionally identified using intrinsic optical imaging (iOS) as previously described [27, 28] . For this purpose, mice were lightly anesthetized with isoflurane (0.5 -1% in O2) and placed on a heatpad. We sequentially identified several body parts in each mouse which included the genital, hindpaw, forepaw, genital, tail, ventral and dorsal trunk. To limit the duration of anesthesia per experiment not all body parts were mapped in all mice. For identifying each body part, we placed the small circular vibration motor on it using a micromanipulator. Care was taken to prevent the vibration motor to touch anything but the body part under investigation. To reach the ventral side of the paws, they were minimally suspended. To reach the ventral trunk and the genital, the lower body was slightly twisted. After appropriate positioning, the blood vessel pattern on the surface of the craniotomy was captured using green illumination (530 nm). Next, the craniotomy was illuminated by a ring of small red LEDs (600 nm) mounted around the objective. Illumination was set so that the craniotomy was homogenously enlightened without saturation. Images were captured using a CCD camera coupled to a 50 nm and 25 nm lens. The signal was measured before and during sensory stimulation (1 s stimulation, 5 s ISI) for 20 sweeps. The intrinsic signal was measured as the difference between reflected light before and during stimulation and was mapped onto the blood vessel pattern ( Figure 1F ). The signal was then analyzed using ImageJ. Images were converted to gray scale and smoothed using a Gaussian filter (sigma = 10). The area of evoked activity was identified by thresholding the image to binary black and white, where the darkest pixels (strong activity) appeared as black and the remaining image in white.
The threshold was set so that pixels within the darkest 10% of the gray scale appeared in black. The resulting fields of activation were superimposed into the blood vessel pattern of the craniotomy ( Figure 1G ).
Two-photon imaging
Imaging was performed with a Thorlabs B-Scope or a costume built resonant scanning two-photon microscope equipped with GaAsP photomultiplier tubes (assembled by INSS, UK). tdTomato and GCaMP6s were excited at 940 nm (typically 30 to 40 mW at the sample) with a Ti:Sapphire laser (Spectra Physics) and imaged through a 16x 0.8 NA water immersion objective. Images (512 3 512 pixels) were acquired at 30 Hz using ScanImage software. During all imaging experiments, mice were lightly anaesthetized using isofluorane (0.5%-1.0% in O2) and body temperature was maintained using a heatpad.
Chronic imaging of Scnn1a+ neurons
Following window and headpost surgery, animals were allowed to recover for two days. In order to quantify Scnn1a+ cells in L4 of genital cortex, two-photon imaging carried out in Scnn1a-tdTomato transgenic mice, were excitatory neurons in L4 express tdTomato. Starting around P25, mice were imaged at least once per week until approximately 60 days of age. The exact start and endpoint of chronic imaging experiments varied between animals, depending on the quality of the craniotomy. Genital cortex was first identified either using intrinsic imaging (in 9 mice) or the topographic layout of the body map within L4, which is clearly visible in Scnn1a-tdTomato mice used here. To provide an overview of the whole genital field (1065 mm x 1065 mm), a stack was taken at minimal magnification first. Next, a representative subfield was captured at high magnification ($200 mm x 200 mm), which was used to quantify fluorescent cells. In addition, a similar stack was acquired in the somatosensory hindpaw cortex to serve as a control area. Care was taken to capture stacks at the center of the genital or hindpaw area. Stacks were always taken at the same angle and a two-point fixation headpost was used to minimize shifts in the imaging angle. To achieve optimal structural resolution, 60 to 200 images were acquired per z-plane and averaged online. Z stacks were acquired starting below layer 4, densely populated by tdTomato+ neurons, moving upward toward the pia. Stacks covered an overall distance of 400 mm with individual z-planes acquired every 2 mm. Following the first imaging day, the exact same field of view was captured on subsequent imaging days. Image stacks were analyzed using ImageJ as follows: Acquired z stacks were first minimally cropped in the xy-plane to ensure that they included the same FOV across days. With regards to the z axis (depth), neurons were neither cut at the top or bottom due to the large vertical distance that they covered. Cells bodies were then traced by hand throughput the z stacks to quantify the number of fluorescent cells in the genital and hindpaw region throughout puberty. Only neurons that were fully included in the stacks were counted. After counting, we took additional precautions to account for small shifts in the imaging angle, which resulted in Scnn1a+ neurons moving in and out of the stacks across time points. To avoid biases in counting such cells, we created maximum projections of the z stacks after counting cells and made sure that the same neurons were systematically included or excluded. Because stacks were not exactly of the same xy-area (due to posthoc alignment or issues with the quality of the craniotomy), cell counts for each animal are expressed relative to the number of cells counted on P35 (7 weeks).
For morphological classification of Scnn1a+ neurons we captured structural z stacks as described above (xyz: $133 3 133 3 400 mm, 2 mm z-spacing). In 5 mice we acquired z stacks of the same FOV in genital cortex around P30 and around P60. Stacks were reconstructed in 3D using ImageJ to reveal apical dendrite morphology between L4 and the pial surface. Scnn1a+ positive neurons were classified as either pyramidal or stellate cells, depending on the presence or absence of an apical dendrite, respectively. We further distinguished between neurons that were Scnn1a+ already before puberty (visible at P30 and P60) and those that only appeared after puberty (P60 only).
Manipulation of pubertal development
For manipulation experiments, female mice underwent chronic imaging sessions as described above. In addition, mice were cohoused with sexually mature wild-type mice for three days just prior to onset of puberty. Co-housing started once mice reached a weight of 15 g [8] which occurred at P36. Males were removed again three days later on P39.
Neonatal viral injections
For functional imaging of Scnn1a neurons during puberty, we injected neonatal Scnn1a-cre mice (P0 -P3) with pAAV-Syn-Flex-GCaMP6s-WPRE (Addgene plasmid #100843, RRID: Addgene_100843). For injections, cryoanesthesia was induced by placing pups wrapped in a lab glove on a metal plate on ice for 10 minutes, taking care to avoid pups directly contacting the ice [49] . Pups were positioned dorsal side up, lightly fixed using an adhesive bandage. AAV injections were made using a 10 mL Hamilton syringe (Hamilton) and a 32 gauge needle. For injections the head was held gently and the tip of the needle was inserted carefully through skin and cranium. Between 3 and 5 injections ($50 nl) were made into the left hemisphere directly below the cranium, covering the area between Bregma and Lambda close to the midline (visible through the skin) to cover S1. Pups recovered on a heat pad and were returned to their home cage once awake and re-warmed. All pups survived this procedure and dams did not reject any pups. Pups were weaned at P21 and underwent head-post implantation and window surgery as described above.
Functional 2-photon imaging
Following neonatal injections, two-photon calcium imaging was used to capture sensory evoked activity of Scnn1a+ L4 neurons expressing GCaMP6s throughout puberty. Mice were imaged between 25 and 60 days of age, whereby we sampled different neurons within mice during multiple imaging session. Despite the long duration of GCaMP6s expression, only few cells acquired nuclear filling. Those were excluded from the analysis. Furthermore, we ensured that viral injection of flex-GCaMP6s labeled the same neurons as genetic crossing of Scnn1a-cre and Ai9-reporter mice (resulting in td-Tomato expression). Injecting flex-GCaMP6s in Scnn1a-tdTomato mice showed a good, albeit not perfect, correspondence between both transfection strategies (td-Tomato + GCaMP double labeling: 85.9 ± 2.1%, td-Tomato only: 3.7 ± 2.1%, GCaMP only: 10.4 ± 2.1%).To identify newly appearing Scnn1a+ neurons during adulthood, we took z stacks at 840nm at a prepubertal time point, to be able to identify all neurons that already expressed Scnn1a. During each imaging session, we imaged neurons in the genital while stimulating the external genital with a small vibration motor (see above), triggered by TTL pulses. Time-series movies were acquired at 30 Hz and aligned with stimulations using Spike2 software. The vibration motor was held by a micromanipulator and placed either on the genital area. During each trial, calcium activity was recorded for 2 s (baseline), followed by 1 s of stimulation and a 5 s inter-trial-interval. During each session, we recorded $300 trials. Calcium traces were extracted using the Suite2p software [48] , which performs motion correction and provides neuropil traces for each cell. Automated cell detection by the suite2p software was hand curated. This software uses adequate levels of Ca 2+ fluorescence as a criterion for detecting neurons. Neurons that acquired nuclear filling by GCaMP6s were therefore automatically disregarded by the algorithm, which was confirmed during hand curation. Neuropil signals were weighed with a factor of 0.7 and subtracted for each cell. The fluorescent change (DF/F 0 ) was calculated as (F -F 0 ) / F 0 where F 0 was the baseline fluorescence value in the ROI throughout the whole imaging session [50] . To account for differences in imaging quality across days, we z-scored all traces acquired during one session and pooled traces afterward across sessions. This ensures that the structure within an imaging session is retained while particularly good or bad imaging sessions cannot distort the overall result. For analysis of event-related calcium activity, we further normalized traces for individual trials by subtracting a baseline comprising the mean fluorescence during the 50 frames preceding the stimulus onset from the entire trial. A response index was calculated for each trial by dividing the maximum DF/F 0 during the stimulus by the standard deviation of the 10 frames preceding stimulus onset.
Targeted Juxta-cellular recording
Targeted juxtacellular experiments were carried out using Scnn1a-tdTomato (5 females, 2 males, P25 to P41) transgenic mice. The above surgical protocol for headpost and window implantation was slightly adjusted. On the day preceding the experiment, mice underwent headpost surgery while leaving the skull intact. After implantation, mice were placed under the 2-photon microscope and the topographic layout of L4 (tdTomato positive) was captured by imaging through the skull. On the day of the experiment, mice were anesthetize with 10% urethane (0.01 g/g i.p.). A small craniotomy (1 mm diameter) was made above genital cortex and the dura was removed. Mice were placed under the two-photon microscope, where the body temperature was maintained at 36 C using a rectal probe and a homeothermic blanket (FHC). For sensory stimulation, the vibration motor was positioned on the genital. For simultaneous imaging and electrophysiology, the two-photon objective was positioned at 73 relative to the recording stage. The pipette for juxtacellular recording was controlled by micromanipulators (SM6, Luigs & Neumann) and positioned at 45
